Introduction
As demonstrated in recent years an important factor of oxidative stress generated in the circulatory system, in both acute and chronic pathological conditions, is peroxynitrite (ONOO -) [1] . In biological systems it is formed by the spontaneous reaction of less reactive, but commonly present free radicals: superoxide anion (O 2
•-) and nitric oxide (
• NO) [2] . Peroxynitrite (PN) can modify different molecules including fibrinogen (Fg). Even low concentrations may induce nitration of tyrosine both in vitro and in vivo [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
Fibrinogen is a 340 kDa molecule composed of 2 sets of 3 non-identical polypeptide chains Aa, Bb and γ linked by 29 disulfide bonds, forming a dimeric molecule (Aa Bb g) 2 . Six amino-terminals meet together to form a small central domain E connected with 2 terminal domains D by long coiled coils [16] . Bβ and γ chains form bC and γC subunits in D domain, whereas the α chain folds back and by connector region goes to aC subunit, which interacts with E domain [17] . The main function of Fg is participation in last phase of blood clotting where thrombin converts fibrinogen into fibrin. First thrombin removes the 16 amino acids N-terminal peptide from the Aα chain (fibrinopeptide A -FpA). This leads to interaction with the D domains of surrounding fibrinogen molecules resulting in protofibrils formation. Next, thrombin removes the 14 amino acids N-terminal peptide from Bβ chains (fibrinopeptide BFpB) which causes the protofibrils lateral association and fibrin formation [18] . This initial clot is subsequently stabilized by thrombin-activated coagulation factor XIII. Coagulation factor XIII catalyzes covalent bonds between the g chains in the D domains of adjacent fibrin monomers and formation of α-polymers [19] .
It is known that subjects of bovine and porcine flocks are sometimes susceptible to death before the time of slaughter. Some of these deaths may be due to cardiovascular problems connected with stress and blood coagulation disorders [20] . Hypothetical role of oxidative stress is unexplored in thrombosis of farm mammals. The objective of this study is to compare the in vitro known effect of peroxynitrite on human fibrinogen with the potential effect on fibrinogens of mammals that have great economic importance -namely cows and pigs. Nitrotyrosine and polymerization measurement combined with analysis of sequence alignment was used to elucidate the molecular mechanisms. 
Experimental Procedures

Chemicals and Reagents
Fresh frozen human plasma was purchased from the Regional Center for Transfusion Medicine in Lodz (Poland). Pig and Bovine plasma were prepared by centrifugation (5,000 × g, 4ºC) of animal blood obtained from local slaughterhouse collected into 1 L plastic container with 0.1 L 3.2% sodium citrate. Fibrinogen was isolated by cold ethanol precipitation technique followed by ammonium sulphate fractionation at 26% saturation and at 4 o C, according to Doolittle [22] . Concentration of protein was determined by measuring absorbance at 280 nm and using the extinction coefficients 1.59, 1.68 and 1.55 at 1 mg mL -1 solution of bovine, porcine and human fibrinogens respectively. Goat anti-nitrotyrosine polyclonal antibodies were obtained from Abcam (UK). Mouse monoclonal anti-sheep/goat POD antibodies and the rest of reagents were purchased from Sigma-Aldrich (USA). 
Peroxynitrite and fibrinogen samples preparation
Gel electrophoresis and Western blot with anti-nitrotyrosine antibodies
Samples were prepared for electrophoresis in Laemmli sample buffer [24] in the presence of β-mercaptoethanol. The Fg samples were separated on 7.5% SDS-PAGE under reducing conditions using a Mini-Protean Electrophoresis Cell (Bio-Rad, Hercules, CA) followed by standard western blot transfer procedure using PVDF membranes. The blots were blocked with dry skim milk in Tris-Buffered Saline Tween-20 (TBST), incubated with sheep polyclonal anti-nitrotyrosine antibodies (1:1,000 in TBST) for 2 hours followed by 1 hour incubation with anti-sheep horseradish peroxidase-labeled mouse IgG (1:10,000 in TBST). Between each step, the membrane was washed with TBST (6 times, 5 minutes each). The luminescence was developed and the results were registered on X-ray paper.
Determination of nitrotyrosine content in the human fibrinogen by the C-ELISA method
Detection of nitrotyrosine using competition ELISA (C-ELISA) in samples of Fg was performed according to the modified method of Khan et al. [25] as described previously [26] . Nitro-fibrinogen (concentration of 0.5 μg ml -1 and 3-6 mol nitrotyrosine/mol protein) was used to prepare a standard curve. 3-NT-Fg was made by exposure of human fibrinogen to 1,000 µmol L -1 peroxynitrite action. The presence of 3-nitrotyrosine in fibrinogen was confirmed spectrophotometrically at 302 nm, pH 11.5 (molar absorption coefficient for nitrotyrosine, ε = 4.400 mmol L -1 cm -1 ) [9] and subsequently nitro-fibrinogen was used for the standard curve ranging from 10 to 1,000 nmol L -1 3-nitrotyrosinefibrinogen equivalent.
Polymerization of fibrinogens
Polymerization of fibrinogens was monitored at 595 nm in a 96-well microtiter plate reader (Bio-Rad model 550). To each reaction well 240 μl of Fg (2 mg ml -1 ) in 100 mmol L -1 Tris/HCl, 5 mmol L -1 CaCl 2 , pH 7.4 was added. To initiate the polymerization reaction 60 μl of thrombin (at a final concentration of 0.25 U ml -1 ) was added to each reaction well using a multichannel pipette, thus allowing the reactions to start simultaneously. Turbidity was monitored every 25 s for 20 min. Maximum velocity of polymerization (V max ) was calculated as the slope of the steepest part of the polymerization curve (using 4 time points).
Statistics
All obtained values was expressed as mean ± SD. Results were statistical analyzed with Shapiro-Wilk test under the account of normality. Equality of Variance was tested using Levene test. The significance of differences between results was analyzed depending on the Levene test by ANOVA (Tukey multiple comparisons test or Kruskal-Wallis test). A level P<0.05 was considered as statistically significant.
Results
Sequence alignment of human, bovine and porcine fibrinogens shows that Bβ and g chains have amino acid similarity of over 80% but Aα chain has only 50%. These results indicate that the major differences in the Aα chain between the species compared, although a comparison of α chain without αC domains and fibrinopeptides provides much higher resemblance (~77%). This similarity increases to 83% when individual fragment of Aα from domain D are taken into account. The most variable part of Aα chain is the central part of αC in the most fixed fragment from the D domain [27] . There are altogether 100; 96 and 98 tyrosine residues in human, bovine and porcine fibrinogen molecule, respectively. For each fibrinogen chain tyrosine residues are represented as follows: 9, 4, 8 in Aα chain, 21, 22, 21 in Bβ chain and 20, 22, 20 in γ chain. Almost all tyrosine residues in the Bβ and γ chain are conserved between the three species however only two residues are conserved in the Aα chain (Table 1, Figure 1) .
Electrophoresis shows three bands of native fibrinogen chains of all studied species (Figure 2) . Differences can be seen between Aα chains of bovine, porcine and human fibrinogens having molecular masses of 63, 71 and 68 kDa respectively. Both western blot and ELISA show that porcine fibrinogen was most susceptible to tyrosine nitration, whereas bovine fibrinogen is the most resistant (Figure 3 and Figure 4 ). The differences can be clearly seen at the lowest (1 µmol L -1 ) concentration of peroxynitrite on Western Blot and also at the higher concentrations in C-ELISA method. The most nitrated is the Aα chain in human and pig fibrinogen molecules, however Bβ chain is most nitrated in the bovine fibrinogen molecule (Figure 3 peroxynitrite causes decrease of V max of bovine fibrinogen polymerization to 65% V max in control, human fibrinogen polymerization to 56% and porcine fibrinogen polymerization to 26% ( Figure 5 ).
Discussion
All vertebrates possess a plasma protein converted into an insoluble form by thrombin proteolytic exclusion of short peptides. This complex protein, called fibrinogen (Fg), has similar structure in Cyclostomata, Pisces, Amphibia, Reptilia, Aves and Mammalia beginning from lamprey [28] and ending with the human [29] . In all these species fibrinogen is converted to fibrin by cleaving the fibrinopeptides via thrombin. The general structure of fibrinogen is similar in all vertebrates and the spatial structure of almost the whole molecule is known for chicken [30, 31] , bovine [32] and human [29] . Following vascular injury this soluble plasma protein participates in controlling blood loss by forming an insoluble fibrin clot in the final stage of the blood coagulating cascade and acting as an adhesive protein essential for blood platelet activation and adhesion [33] . Among plasma proteins, fibrinogen is highly susceptible to oxidative stress, which can induce structural changes and cause the impairment of biological functions of fibrinogen [34] . Oxidized and nitrated human fibrinogen was found in the plasma of patients with coronary diseases as well as lung cancer patients and smokers [35] . Nitrotyrosine is thought to be an indicator of reactive nitrogen species activity in vivo [36, 37] . The level of nitrated proteins in plasma, including fibrinogen, though normally low in humans with inflamatory diseases like atherosclerosis, rheumatoid arthritis, chronic renal failure, septic shock, diabetes or lung injuries, distinctly increases when reactive nitrogen species are produced [4, 38, 39] . Moreover, a fibrin-like material was found in intravascular fibrous deposits from diabetic human patients with atherosclerotic complications (the concentration of fibrinogen in plasma was higher but no markers of full activation of blood coagulation could be found). That fibrin-like substance seems to be fibrinogen cross-linked by dityrosine [11] . According to According to Ischiropoulos and al-Mehdi [9] even low fibrinogen nitration may have significant effect on its physiological function [40] . Human fibrinogen seems to be highly susceptible to nitration [41, 42] . Peroxynitrite induces changes in the function and the structure of human fibrinogen in vitro, generating nitrotyrosine, mostly in Aa-chain, acting on aC subunits [43] , which in most vertebrates are natively unfolded regions of molecule with no stable structure [29] . Fibrinogen nitration in vivo results in increased velocity of fibrin clot formation, altered fibrin clot architecture, increased fibrin clot stiffness and reduced rate of fibrin clot lysis by plasmin [44] . Significantly increased nitration of fibrinogen has been reported in cardiovascular diseases [45] . Vadseth et al. [40] in their study observed a 30% increase of 3-nitrotyrosine level in fibrinogen molecule in patients with coronary artery disease.
Vertebrate fibrinogens, especially those from mammals, show remarkable homology in sequence. The high degree of homology between the B and Y chains indicates their common origin [46] . The differences in the studied mammalian fibrinogens can be seen between Aα chains. The amino acid sequence differs and as a result the molecular weight and the amino acid content also differ. For us the most interesting are the differences in tyrosine residues content and localization as we were estimating 3-nitrotyrosine. As we have observed by sequence alignments only two tyrosine residues are conserved between human, porcine and bovine, but this chain also showed the largest difference in tyrosine nitration. Minor bovine chain nitration is explainable because there are only 4 tyrosine when compared with 9 and 8, respectively, in human and pig. One might ask why porcine fibrinogen is more nitrated as pig A chain has only 1 tyrosine less than human and there are no significant differences in the content ) was exposed to 1, 10, and, 100 µmol L -1 PN in the presence of 25 mmol L -1 bicarbonate. Samples were separated on 7.5% SDS-PAGE gel under reducing conditions. Protein bands were visualized by staining with Coomassie Blue R250. Detection of nitrated fibrinogen subunits by western blot immunoassay using anti-nitrotyrosine antibodies. Blots were visualized by chemiluminescence and recorded on X-ray film. B -bovine fibrinogen, P -porcine fibrinogen, H -human fibrinogen. The amount of fibrinogen preparation applied per lane is 2 µg. Western blot image was analyzed by using GelScan for Windows v. 1.45 by Kucharczyk Techniki Elektroforetyczne and a densitometric plot was generated. ). Results are presented as fold decrease in maximum velocity. The value 1 was assigned to the native fibrinogen molecules (without PN). B -bovine fibrinogen, P -porcine fibrinogen, H -human fibrinogen. *Statistical significance relative to the control according to Kruskal-Wallis test P<0.001, ** P<0.05 of tyrosines in the other chains. Maybe localizations of six non conserved tyrosines might be crucial in this case, however two conserved tyrosines probably are important for fibrinogen function. From these 2 conserved tyrosines only Tyr178 is conserved in all vertebrates [47] , might be nitrated in human fibrinogen [48] and is located near the place of t-Pa plasminogen activation [49] [50] [51] [52] . There are also suggestions that this location may be important for fibrinogen polymerization and fibrin lysis. Whatever is the mechanism of observed phenomenon, porcine fibrinogen when compared to the other two proteins tested, seems to be more vulnerable to peroxynitrite-induced alterations leading to polymerization disturbances. It cannot be excluded that this may increase the risk of hemostatic complications, which may contribute to circulatory disorders and deaths among pigs. Heart failure has been reported to be one of the three main causes of mortality in sows, and represents approximately 25% of all causes of death [53] . In some studies sow mortality due to heart failure in breeding herds was up to 31% [54] . Drolet et al. [20] reported that sows that died due to cardiac failure were significantly heavier and fatter than sows that died of other causes. However in the case of the bovine species cardiovascular disorders are not the primary reason of death [55, 56] . The differences in mortality caused by cardiovascular disease between bovine and porcine may be associated with their sensitivity to the effects of oxidative stress and above all toxic effects of peroxynitrite on fibrinogen molecules.
Protection against the toxic effects of peroxynitrite activity in the circulatory system might be particularly important to prevent from cardiovascular diseases and could reduce production wastage and therefore correspondingly reduce economic loss in pig breeding herds. In our previous study we demonstrated that epicatechin present at high concentrations in many plant dietary sources caused inhibition of 3-nitrotyrosine formation in human fibrinogen molecule [57] . Epicatechin also abolished pro-thrombotic effect of peroxynitrite on fibrinogen clotting. Thus adding flavonoids to fodders might have positive effect on the health of pigs. Such supplements may be even byproducts of processing of food for human like grape seed extract [58] . More studies are required to better understand the said phenomenon.
